The basic layout of the vertebrate body is built during the initial stages of embryonic development by the sequential addition of new tissue as the embryo grows at its caudal end. During this process the neuro-mesodermal progenitors (NMPs) are thought to generate the postcranial neural tube and paraxial mesoderm. In recent years, several approaches have been designed to determine the NMP molecular fingerprint but a simple method to isolate them from embryos without the need of transgenic markers is still missing. We wanted to identify a suitable cell surface marker allowing isolation of NMPs from the embryo without the need of previous genetic modifications. We used a genetic strategy to recover NMPs on the basis of their ability to populate the tail bud and searched their transcriptome for cell surface markers specifically enriched in these cells. We found a distinct Epha1 expression profile in progenitor-containing areas of the mouse embryo, consisting in at least two subpopulations of Epha1-positive cells according to their Epha1 expression levels. We show that double Sox2/T(Bra) positive cells are preferentially associated with the Epha1
ABSTRACT
The basic layout of the vertebrate body is built during the initial stages of embryonic development by the sequential addition of new tissue as the embryo grows at its caudal end. During this process the neuro-mesodermal progenitors (NMPs) are thought to generate the postcranial neural tube and paraxial mesoderm. In recent years, several approaches have been designed to determine the NMP molecular fingerprint but a simple method to isolate them from embryos without the need of transgenic markers is still missing. We wanted to identify a suitable cell surface marker allowing isolation of NMPs from the embryo without the need of previous genetic modifications. We used a genetic strategy to recover NMPs on the basis of their ability to populate the tail bud and searched their transcriptome for cell surface markers specifically enriched in these cells. We found a distinct Epha1 expression profile in progenitor-containing areas of the mouse embryo, consisting in at least two subpopulations of Epha1-positive cells according to their Epha1 expression levels. We show that double Sox2/T(Bra) positive cells are preferentially associated with the Epha1
High compartment, indicating that NMPs might be contained within this cell pool. Transcriptional profiling of Epha1-positive tail bud cells also showed enrichment of Epha1 High cells in known NMP markers. Interestingly, the Epha1 Low compartment contains a molecular signature compatible with notochord progenitor identity. Our results thus indicate that Epha1 could represent a valuable cell surface marker for different subsets of mouse embryonic axial progenitors.
INTRODUCTION
The basic layout of the vertebrate body is formed at early stages of embryonic development by progressive extension of the body axis resulting from the addition of new tissue at the posterior embryonic end (Aires et al., 2018; Stern et al., 2006; Steventon and Martinez Arias, 2017; Wilson et al., 2009 ). The process of embryonic axial extension depends on a population of cells collectively known as axial progenitors. These progenitors include several cell pools classified according to the tissues they generate. One such cell compartment is the so-called neuromesodermal progenitors (NMPs). These cells constitute a population of bipotent cells with self-renewing properties that generate both neural and mesodermal progenitors, which will later originate the spinal cord and the paraxial mesoderm, respectively (Attardi et al., 2018; Cambray and Wilson, 2007; Henrique et al., 2015; Tzouanacou et al., 2009; Wilson et al., 2009 ).
Since their identification, increasing efforts have been conducted to determine the precise molecular characteristics defining the NMPs. Combined mapping and expression studies first led to their characterization as a population co-expressing the early neural marker Sox2 and the mesodermal transcription factor T (Brachyury) (Cambray and Wilson, 2007; Wymeersch et al., 2016) . More recently, the introduction of improved high throughput techniques for transcriptomic analyses have contributed to expand the NMP molecular fingerprint. Accordingly, single-cell transcriptome studies of mouse NMPs provided a deeper understanding of the molecular players and gene networks involved in the regulation of NMP maintenance and differentiation (Gouti et al., 2017; Koch et al., 2017) . Those studies also expanded the core signature of NMPs, now including expression of the Sox2, T, Nkx1.2, Cdx2 and Cdx4 transcription factors. Another recent study also reported expression of Tbx6 in a cell subpopulation within the NMP niche, while also providing evidence for its relevance in NMP cell fate decisions (Javali et al., 2017) . While most molecular analyses of NMPs have been performed on mouse models, a recent study has reported a transcriptional profile of human NMP-like cells (Verrier et al., 2018) . This study also compared this transcriptional signature with that of mouse NMPs, showing a remarkable conservation of many components of their molecular fingerprints.
Despite all these studies, we are still lacking cell surface markers that could be used to isolate these progenitors in a physiologically active form without relying on previous modifications to introduce reporter genes. In an effort to fill this gap, we adopted a genetic strategy to label the axial progenitors in the mouse embryo in a way that allows their identification and isolation from the tail bud, and searched for candidate genes coding for cell surface markers specifically enriched in NMPs. 
RESULTS

Labeling and isolation of axial progenitors from developing mouse embryos
To isolate axial progenitors in a way compatible with the analysis of their transcriptional signature we took advantage of a genetic approach that we have recently developed to follow the fate of axial progenitors after labeling them at early developmental stages (Aires et al., 2019) . With this system, which combines the Cdx2P-Cre ERT transgene (Jurberg et al., 2013 ) with a ROSA26 reporter (Soriano, 1999; Srinivas et al., 2001 ), a single low tamoxifen dose administered at embryonic stage (E) 7.5 is able to induce a short pulse of permanent labeling into a subset of axial progenitors. Due to the continuous and cumulative nature of axial growth, labeled cells will contribute to the embryonic tissues posterior to the position of effective cre-mediated recombination, all the way down to the tail tip (Aires et al., 2019) , including the NMPs in the tail bud. We therefore labeled axial progenitors with a fluorescent marker using the ROSA26-YFP-reporter (Srinivas et al., 2001) in combination with the Cdx2P-Cre ERT transgene. Descendants of progenitors labeled at E7.5 were then recovered from the tail region at E10.5 by fluorescence-activated cell sorting (FACS). YFP-positive cells were recovered from two areas of the tail (Fig 1A) : the tail bud (Tail Prog ), which is expected to contain the axial progenitors, and a more anterior region, where labeled cells have already generated axial progenitor derivatives (Tail Contr ). The transcriptome of these two cell pools was obtained by RNA-seq, and then compared to identify genes differentially expressed in the Tail Prog compartment that could thus provide a molecular signature of the axial progenitors ( Fig. 1 and Table S1 ). This comparison identified 1458 genes showing differential expression (p<0,05) between the two cell groups ( Fig. 1B and Table S1 ). Of these, 847 genes were highly expressed in the Tail  Prog , whereas 611 genes were up-regulated in the Tail Contr sample. A selection of 12 differentially expressed genes was then used to validate the RNA-seq data by RT-qPCR (Fig.   1C ).
Initial analysis of these data revealed a high enrichment of the Tail Prog cells in factors that have been linked to axial progenitor identity (Fig. 1D ). For instance, Cdx2, Cdx4 and T (Brachyury), known to be highly expressed in axial progenitors and proven to be essential for their activity (Amin et al., 2016; Chawengsaksophak et al., 2004; Herrmann et al., 1990; Savory et al., 2011; van Rooijen et al., 2012) , were among the most strongly up-regulated genes in the Tail Prog compartment.
Similarly, other genes whose expression is known to be enriched in axial progenitors, including Nkx1. 2, Fgf8, Fgf4, Fgf3, Evx1, Cyp26a, Hoxb1, Sp5, Gdf11, Wnt5a or Wnt3a (Abu-Abed et al., 2001; Boulet and Capecchi, 2012; Dush and Martin, 1992; Greco et al., 1996; Harrison et al., 2000; McKay et al., 1996; McPherron et al., 1999; Murphy and Hill, 1991; Naiche et al., 2011; Sakai et al., 2001; Takada et al., 1994; Verrier et al., 2018; Yamaguchi et al., 1999) , also showed significant differential expression in the Tail Prog cell pool. In addition, Tbx6, which was recently described as a marker for tail bud NMPs (Javali et al., 2017) was significantly up-regulated in Tail Prog cells. These cells also contained significant levels of Sox2 transcripts, suggesting the existence of double Sox2+/T+ cells contained within this population, which have been extensively used as signature of NMP cells (Cambray and Wilson, 2007; Koch et al., 2017; Wymeersch et al., 2016) . Sox2 expression was, however, higher in Tail Contr than in Tail Prog cells ( Fig   1D) . This is likely to result from the extensive contribution of the Tail Contr cell pool to the neural lineage, which is characterized by higher levels of Sox2 expression than the axial progenitors. Expression of other known neural regulators, such as Sox1, Ngn2, Pax6, Olig2 or Olig3 (Aubert et al., 2003; Gradwohl et al., 1996; Takeichi et al., 2002; Walther and Gruss, 1991) , was also significantly higher in Tail Contr than in Tail Prog cells (Fig 1D) , which is consistent with this interpretation.
Together, these data indicate that the Tail Prog compartment is highly enriched in tail bud axial progenitors. Moreover, we found high concordance between our dataset and previous published data from in vivo single-cell and in vitro differentiated hESCs or mESCs RNA-seq analysis (Gouti et al., 2017; Koch et al., 2017; Verrier et al., 2018) , which further validates our lineage tracing strategy.
Identification of a cell surface marker of NMPs/Axial progenitors
We then concentrated our attention on genes coding for membrane proteins that could be used to isolate physiologically active NMPs without previous genomic modifications. Gene Ontology (GO) categorization (Ashburner et al., 2000) of genes differentially up-regulated in Tail Prog cells with a log 2 Fold change > 2 and q value < 0.05 identified 61 genes assigned to the category "membrane"
(GO:0005886). From these, we further selected the 16 genes that had a read value >10 in the Tail Prog RNA-seq dataset ( Fig. 2A) , as we have observed experimentally that, in these datasets, this is the lower threshold level allowing mRNA or protein detection in the embryo using conventional methods. Expression analyses at E10.5
by in situ hybridization revealed that the staining patterns for some of those genes included a strong signal in the tail region, although these patterns differed among the various genes (Fig. 2B ). In addition, for most of them, tail bud expression was only a part of somewhat more complex expression patterns that included other embryonic regions.
From these genes we focused on Epha1 based not only on its expression pattern at different developmental stages, but also due to the existence of FACSvalidated antibodies able to provide reliable data with cells obtained from solid embryonic tissues. In particular, at E8.5 we observed Epha1 expression in the caudal lateral epiblast (Fig. 2Ca-c' ), which coincides with the region containing NMPs at early somite-stages (Baillie-Johnson et al., 2018; Wilson, 2007, 2002; McGrew et al., 2008; Wymeersch et al., 2016) . Strong Epha1 expression was also observed in the tail tip of E9.5 embryos, fading anteriorly when entering the regions corresponding to the presomitic mesoderm and the caudal neural tube (Fig. 2Cd-f' ). This expression pattern was maintained in E10.5 embryos ( Fig. 2Cg -i'). Together, the Epha1 expression pattern shows considerable overlap with embryonic regions known to contain axial progenitors at various developmental stages. This transcript distribution is consistent with previous reports, where Epha1 expression was also observed in the primitive streak of early head fold embryos (Duffy et al., 2006) , thus fitting this progenitor-rich domain.
We then performed FACS analysis of cells obtained from the tail bud and adjacent anterior tail region of E10.5 embryos using antibodies against Epha1.
Both areas contained a high proportion of Epha1 positive cells ( Fig. 3A -C), which was somehow surprising considering the significant differences observed in the transcriptomic data obtained from these two regions. This could indicate higher stability of the Epha1 protein than of its mRNA. Interestingly, however, the staining patterns in the two cell populations were different, as cells from the tail bud included an additional population with higher staining intensity that was never observed in the FACS plots from the anterior tail region (Fig. 3A , B). We therefore grouped Epha1-positive tail bud cells in two subpopulations on the basis of their Epha1 content, which will be referred to as Epha1 High and Epha1 Low . Interestingly, we also obtained Epha1 High and Epha1 Low cell compartments in the epiblastcontaining area of E8.5 embryos, although the proportion of Epha1 High cells was lower in this tissue than in the tail bud from E10.5 embryos (Fig. 3D , G).
The above data suggest that axial progenitors might indeed be contained within the Epha1 High cell population. To assess this possibility we first evaluated the distribution of Sox2 + /T + cells, a common criterion used to identify NMPs (Cambray and Wilson, 2007; Koch et al., 2017; Wymeersch et al., 2016) , among the different Epha1 compartments. We therefore isolated Epha1-negative, Epha1
Low and
Epha1
High cell pools from the tail bud of E10.5 embryos and analyzed them for Sox2 and T expression ( Fig. 3D-F Foxa2, Krt8 and Krt18, none of which was detected at significant levels in any of the other datasets (Fig. 4C ). All these genes are commonly expressed in the notochord (Abdelkhalek et al., 2004; Ang et al., 1993; Echelard et al., 1993; Rodrigues-Pinto et al., 2016) , thus suggesting that the tail bud Epha1 Low cell population is enriched in notochord progenitors. Consistent with this, Epha2, which in the tail region is restricted to the most caudal part of the notochord and required for its elongation (Naruse-Nakajima et al., 2001) , was expressed at substantially higher levels in the Epha1 Low than in the Epha1 High compartment (Fig. 4C ).
DISCUSSION
In this study, we have used a genetic strategy to isolate physiologically active
NMPs from the tail bud of mouse embryos and analyzed their mRNA content using high throughput methods. This approach stems from the observation that epiblast and tail bud axial progenitors belong to the same cell lineage (Brown and Storey, 2000; Wilson, 2007, 2002; Tzouanacou et al., 2009 ). Hence, a permanent label introduced into axial progenitors at early developmental stages allows isolation of their descendants in the tail bud. Differential expression of known markers for NMPs in cells isolated with this strategy indicates that they do represent bona fide axial progenitors. However, it should be noted that, to restrict the time frame of effective cell labeling, we used conditions that also limit the number of effectively labeled progenitors. As a consequence, the tail bud cells isolated and analyzed in this work represent a fraction of the actual progenitors and, therefore, it is most likely that in these experiments we did not obtain a full catalog of the tail bud NMP transcriptome.
Our analyses led to the identification of several cell surface proteins that could be tested for their use as NMP markers allowing their isolation without the need of previous genetic manipulations. From these we chose Epha1 for further investigation given the existence of reliable and FACS-validated antibodies working in solid embryonic tissues. It will be important to identify and verify antibodies that would allow similar studies for other candidates and determine whether they label similar or different subsets of progenitors.
While mRNA in situ hybridization experiments suggested that Epha1 expression is restricted to progenitor containing regions, FACS analyses using Epha1 antibodies revealed a wider Epha1 distribution, indicating that the presence of Epha1 by itself cannot be regarded as a hallmark of NMPs. Indeed, Epha1-positive cells were not restricted to the tip of the tail bud but could also be identified in more anterior areas containing tissues that had already entered differentiation routes. Immunofluorescence analyses also revealed broader Epha1 protein than mRNA distribution, suggesting higher stability of the protein than of the transcript.
However, Epha1 protein levels were not uniform in the different regions that we tested, a feature that seems to be relevant to define specific cell populations within the tail bud. In particular, we identified a subset cells containing high Epha1 levels that could be indeed enriched in axial progenitors. Accordingly, the Epha1 High cell compartment seemed to be exclusive of embryonic areas containing NMPs, such as the epiblast at E8.5 or the tail bud at E10.5, and could be also readily identified in ES cells incubated under NMP-promoting conditions. The significant enrichment Also, it will be interesting to understand whether cell sorting strategies combining Epha1 with other surface markers could help sub fractioning Epha1 High and
Epha1
Low cells into subgroups with defined functional profiles.
EXPERIMENTAL PROCEDURES
Mice and embryos
In this work embryo staging was defined according to the standard timed mating approach, considering E0.5 the morning on which a mating plug was found. To isolate axial progenitors from developing embryos, mattings were set up between Table 3 .
Cell Sorting for RNA-sequencing by Fluorescence-Activated Cell sorting (FACS)
Two regions were collected from E10.5 Cdx2P-cre ERT ::ROSA26-YFP-R embryos:
the tail buds and a more proximal region of the tail tip (the last 3 somites). To obtain a single cell suspension, tissue was incubated on ice for 5 minutes in Accutase solution (Sigma #A6964). Digestion was terminated by adding two volumes of PBS/10% donkey serum (DS) and washed twice with PBS/10% DS. For all RNA-seq experiments, 15.000-20.000 purified-sorted cells per sample were collected, in order to obtain a sufficient concentration of high quality RNA.
RNA-sequencing analysis
Total RNA was isolated from the TRI Reagent ® suspension following the manufacture's protocol, with the addition of 10 μg RNase-free glycogen (Roche #10901393001) in the isopropanol step. RNA samples were then resuspended in Prog was performed using CuffDiff v2.1.1 (Trapnell et al., 2013) .
RNA-seq from Epha1
High and Epha1 Low cells was performed using two separate biological replicates. Libraries were prepared from total RNA using the SMART-Seq2 protocol (Picelli et al., 2014 High and Epha1 Low ) from the above-mentioned RNA-seq independent experiments, normalization and differential expression were performed using DESeq2 R package. These data was then used to build a Venn diagram using the VennDiagram R package.
The sequencing data of the RNA-seq experiments was deposited in the NCBI trace and Short-read Archive (SRA), accession numbers PRJNA527654 and PRJNA527619.
Gene ontology (GO) analysis (Ashburner et al., 2000) was used on differentially expressed genes according to the criteria log 2 Fold change > 2 and a q value < 0.05. The expression levels were normalized to β -actin and changes in fold expression were calculated using 2 -ΔΔCt method. Gene expression data was presented as the mean±SD. The sequences of the primers used are given in Table 4 .
Protein expression profile analysis by FACS
Cells obtained from embryos and stained with Epha1 antibodies as described above were then washed twice with PBS/10% DS and processed for staining using were established according to fluorescence levels detected by the control samples processed without primary antibodies. Flow cytometry data were analyzed using FlowJo TM 10 (BD, Biosciences) software. Quadrant averages were calculated using at least 3 independent experiments and one-way analysis of variance ANOVA was used to determine statistical significance.
In situ hybridization
Whole mount in situ hybridization was performed using in vitro transcribed digoxigenin-labeled antisense RNA probes as previously described (Kanzler et al., 1998) . Briefly, embryos were dissected out in PBS and fixed in 4% paraformaldehyde (PFA) at 4°C overnight. Embryos were washed in PBS containing 0.1 % Tween-20 (PBT), dehydrated with methanol and rehydrated with PBT. They were then treated with proteinase K (10 μg/ml in PBT) at room temperature for a time that depended on the embryo stage (4, 7.5 or 9 minutes for E8.5, E9.5 or E10.5 embryos, respectively). The reaction was stopped with glycine (2 mg/ml in PBT) and embryos were postfixed with 4% PFA, 0,2% glutaraldehyde.
Hybridization was performed at 65°C overnight in hybridization solution [50% formamide, 1.3x SSC (3 M NaCl, 300 mM sodium citrate, pH 5. Probes for Efna1, Epha1, Ngfr, Cldn9, Nkd2, Arl4d were prepared by amplifying cDNA fragments and cloning them into appropriate vectors for in vitro transcription. The sequences of all primers used to amplify these cDNAs are listed in Table 5 .
To section whole mount-stained embryos, these were included in gelatin/albumin (0.45% gelatin, 270 mg/ml bovine serum albumin, 180 mg/ml sucrose in PBS, jellified with 1.75% glutaraldehyde). Sections were cut at 35 µm with a vibratome and mounted with an aqueous mounting solution (Aquatex ® , Merck #108562).
Mouse ES cell culture and differentiation
CJ7 mouse embryonic stem (ES) cells (Swiatek and Gridley, 1993) 
